ABSTRACT. The relationship between heart rate varia-psychological parameters. Thus, HRV arises from neural and bility and respiration patterns was investigated using spec-extraneural origins, making it complex to employ HRV patterns tral analysis techniques in nine full-term infants whose as a measure of autonomic function. Despite this complexity, ages ranged from 39-75 h. All the infants were studied definite relationships between HRV and certain other physiolog-. during sleep, although no attempt was made to classify ical variables are now well established for normal adults. For rapid eye movement or nonrapid eye movement states example, RSA has been documented for many years (I). Fur-. prospectively. The data obtained were examined to deter-thermore, studies using time series analysis and control theory mine which aspects of neonatal breathing patterns are (e.g. 2-5) have shown that the frequency content of the HR. correlated with heart rate variability. Three spectral re-waveform offers considerably more information on cardiovas-. gions of heart rate variability could be identified: a very cular regulation than simpler measures such as short-term and low frequency region below 0.02 Hz; a low frequency region long-term variability parameters (6). For example, several inves.. from 0.02-0.20 Hz; and a high frequency region above tigators (7, 8) have identified three regions of activity in the 0.20 Hz. The dominant heart rate variability activity in spontaneous HRV spectrum of healthy adults: a LF region these neonates was seen in the very low and low frequency around 0.05 Hz due to thermoregulation; a component near 0.1 regions, with little activity in the high frequency regions. Hz arising from baroreceptor activity; and a component at the In contrast to older infants and adults, respiration and breathing frequency (i.e. respiratory sinus arrhythmia), typically heart rate variability were not strongly related through a around 0.25 Hz (15 breaths/min). high frequency region respiratory sinus arrhythmia but Knowledge of HRV in neonates is less extensive. Porges (9) rather through a breath amplitude sinus arrhythmia which has discussed the diagnostic potential of HRV, pointing out that occurs in the low frequency region of the spectrum. The it may be possible to utilize more quantitative techniques such prominent very low frequency activity and the low fre-as spectral analysis to obtain a measure of autonomic function. quency activity ascribed to breath amplitude modulation For example, Porges (9) has employed power spectral density may result from autonomic nervous system mediation of estimates of heart period activity associated with the respiratory chemoregulation. (Pediatr Res 20: 301-308,1986) frequency band as a measure of RSA amplitude and used this to estimate vagal tone. Nugent and Finley (10) have shown correAbbreviations spondence between the frequency of periodic breathing and HRV in neonates, while Kitney (1 1) reported a common frequency in HRV, heart rate variability the spectra of HR, respiratory amplitude, and breath duration RSA, respiratory sinus arrhythmia records of a 6-wk-old infant. Haddad et al. (12) studied RSA in REM, rapid eye movement 4-wk-old puppies and adult dogs and concluded that the phys-AR, autoregressive iological mechanisms involved mature postnatally. They noted VLF, very low frequency that LF oscillations, unrelated to the breathing rate, characterize LF, low frequency HRV in early life but are insignificant in adult dogs. Experience HF, high frequency in a lamb model (1 3) implies that the sympathetic and parasym-BA, breath amplitude pathetic nervous systems mature at different rates with the BASA, breath amplitude sinus arrhythmia sympathetic nervous system dominant in fetal life. The two HR, heart rate systems are nearly balanced at term birth with the parasympa-CCF, cross-correlation function thetic nervous system becoming increasingly dominant after birth. Gordon et al. (14) report that the sympathetic nervous system appears responsive only at frequencies below approximately 0.1 Hz, whereas the parasympathetic nervous system is HRV is affected by numerous factors including blood pressure, additionally capable of mediation at higher frequencies. temperature, respiration, biochemical influence of acid-base balNeither HRV nor respiration patterns have been described ance, state of oxygenation, ventilation, physical movement, and adequately in newborns using frequency analysis methods, nor has there been a study of the relationships between these patterns. Work in animal models ( I 2-14) suggests that the spectral
an aid to perinatal care. Toward this objective, the specific purpose of this study was to investigate relationships between HR and respiration patterns in the normal term infant during the first few days of postnatal life and to identify frequency components which are common to both.
METHODS
Study infants were nine full term infants (38-42 wk gestational age) selected over a 2-month interval who had Apgar scores greater than 7 at 1 and 5 min and had no congenital anomalies. Any maternal drug exposure or evidence of acute or chronic fetal distress excluded an infant from study. Informed consent was obtained from the mothers to record the ECG and respirations of these infants according to a protocol approved by the Emory University Human Investigation Committee. The studies were performed between 39 and 75 h of age in the term nurseries at Grady Memorial Hospital in Atlanta, GA. The infants remained in their own beds with monitoring electrodes attached in the standard three lead manner. No prospective attempt was made to classify REM or non-REM sleep. The ECG and respirations were detected with a Hewlett Packard 78201B neonatal monitor. The respiratory waveform is a measure of the excursion of the chest during the respiratory cycle and is derived from the changes in electrical impedance of the chest wall between the ECG electrodes as the infant breathes. The analog signals of ECG and respirations were then recorded on a 4 channel RACAL Store-4 FM instrumentation tape recorder at a tape speed of 1511 6 IPS.
The ECG data were digitized, the peaks of the QRS complex detected and the reciprocal of the RR interval used as the "instantaneous" value of HR. When examining HR and respiration together, both channels of data were digitized simultaneously. The HR and respiration data were spectrally analyzed to determine their distribution of power as a function of frequency (power spectral density) and to ascertain whether common frequency patterns occur in these signals.
It often proved useful to examine relationships between heart rate and respiration patterns in the time domain as well as the frequency domain. For this purpose, CCFs were computed (1 5) . Frequencies of oscillation which are common to two signals can be identified readily in the CCF. For example, when two curves which each oscillate at a given frequency are cross-correlated, the resulting CCF is oscillatory at that common frequency.
Additional details of the methods of acquiring and analyzing the data are provided in the Appendix.
RESULTS
H R and its spectrum. The power spectral density functions of HR waveforms were studied in nine healthy, full-term neonates. Details of the spectra showed considerable variation both within Mean SD a given subject and across the population. However, despite this variability certain features emerged as being characteristic of normal HRV in these term infants. Examination of the data from all nine infants showed that globally HRV could be divided into three spectral regions: (i) a VLF region below ca 0.02 Hz; (ii) a LF region from ca 0.02-0.20 Hz; (iii) a H F region above ca 0.20 Hz Table 1 shows the mean HR, SD of HR and power distribution within these three spectral regions for each infant studied. A standard record length of 250 s was used for each power spectral density determination listed in Table 1 , and in several babies more than one such record was employed to obtain the average power distribution. These records were free of artifact or significant trend and were taken during a time when the respiratory rate was relatively regular. Specific criteria for selecting these records are given in the Appendix.
Figure l a is an example of HRV data from one infant at age 5 1 h, recorded for approximately 5 min. Visual inspection of the record reveals that a number of superimposed oscillations of different frequencies are present. First, there are obvious underlying variations at very low frequency as evidenced by the four sections marked a-d. These are oscillations of approximately 60-s duration (0.0 17 Hz). Next, there appears to be notable activity at somewhat higher frequencies, approximately 12-s duration (0.083 Hz), as exemplified by the sections labeled e andf: Finally, there is a very low amplitude oscillation occurring at frequencies in the region of the respiratory rate which varied from 0.6 to 0.8 Hz for this infant. In order to define these frequencies more accurately the power spectrum of Figure l a was calculated and is shown in Figure 1 b, using a logarithmic scale for the ordinate. Referring to the latter figure, there is a large component ( a ) between 0.01 and 0.02 Hz, corresponding to the observed VLF behavior. In several of the data records studied this VLF region contains the dominant peak within the HRV spectra. Additionally, Figure 1 b exhibits several notable peaks between 0.02 and 0.20 Hz with a large peak at approximately 0.08 Hz (b). The power in the frequency region corresponding to the respiratory rate (0.6-0.8 Hz or 36-48 breathslmin) is very small and would not be observable with a linear scale for power.
Another example of HRV, taken from an infant 39 h of age, is presented in Figure 2 . The same general phenomena are seen, i.e. oscillatory activity falls into approximately three frequency bands. In this case, the high frequency oscillations at the respiratory rate (0.5-0.8 Hz or 30-48 breathslmin) are somewhat larger in amplitude than for the first infant, indicating a greater degree of respiratory sinus arrhythmia. However, this RSA component is quite small relative to the power seen in the lower frequency regions of the spectrum.
HR variability and respiration. Although the HRV spectra consistently contained relatively low power at the respiratory close inspection of the record indicates very small H R oscillation at the respiratory frequency. 11, the power spectrum of the H R waveform which was shown in a. The power is given on a logarithmic scale in arbitrary units with the maximum power set to 0 db. The peaks labeled (a) and (h) correspond to the very low frequency oscillation (see a-d of Fig. la) and the low frequency oscillation (see e, f of Fig. l a ) in HR. The respiratory rate at the time of this recording was in the range 0.6-0.8 Hz, and it is seen that there is very little power associated with HRV in this frequency range.
rate, visual inspection of respiratory records indicated that a periodic modulation of breath amplitude often occurred when infants were breathing regularly. Furthermore, the frequencies of the amplitude modulation envelopes tended to be in the LF region of the HRV spectra defined earlier. Consequently, we examined the relationship between variations in the amplitude of the respiratory signal and the low frequency content of HRV. Figure 3 presents HR and respiration data taken from one of the infants studied at age 46 h. The HR waveform for a 51.2-s period is shown in Figure 3a together with the corresponding low frequency portion of its spectrum (Fig. 3h) . A clear oscillation at 0.05 Hz is evident. The simultaneous respiration waveform is given in Figure 3c ; but its spectrum (Fig. 3d) shows very little power at 0.05 Hz. If, however, the points of maximum amplitude in this respiratory record are employed to form an amplitude envelope as shown in Figure 3e , the corresponding spectrum ( Fig. 3J has a distinct peak at 0.05 Hz. Thus, the interaction between HR and respiration seems to occur through variation in tidal volume rather than direct RSA at the breathing frequency.
The relationship between HRV and BA appears to be strong1.y frequency dependent. This can be illustrated by taking two data records from the same infant. Figure 4 presents the HR and BA curves, along with their spectra, for a 5 1.2-s period during which the respiratory rate was 36 breathslmin (0.6 Hz) and the BA spectrum indicated the modulation of tidal volume was occuning predominantly at frequencies greater than 0.15 Hz. The HRV spectrum gives the strongest response at 0.08 Hz, corresponding to a relatively lower peak in the BA spectrum. Several of the higher frequency peaks in the latter data are also visible in the HRV spectrum, but at reduced amplitude. In contrast to this, Figure 5 gives data from the same infant taken several minutes later. Now, although the respiratory rate is the same as before, the BA modulation occurs primarily at two rather discrete frequencies, 0.06 and 0.21 Hz. It is seen that the HRV spectrum gives a large response at 0.06 Hz (approximately twice the amplitude as for Fig. 4 ), suggesting that there may be a natural frequency, or a frequency range, for the HR control system which is amenable to excitation.
As a final example of the correspondence which can exist between HR and BA, Figure 6 presents the cross-correlation between these variables for the infant shown in Figure 3 . Viewed in the time rather than the frequency domain, it is seen that the two curves vary in nearly constant phase with each other and contain a common frequency component. Each infant yielded data records which showed common frequency peaks between the HR and BA spectra. While not every record on each infant contained such a correspondence, the behavior described here was the rule rather than the exception; i.e. when a LF peak was Table I ). Again there appear to be three frequency regions of activity. In this infant the H R variations at the breathing rate (RSA) can be seen more readily than for the infant of Figure 1 . h, The power spectrum of the H R given in Figure 211 . Although the power of the RSA component is larger than for the infant of Figure 1 , it is not a major factor in the HRV. seen in the BA spectrum, a LF peak at the same frequency usually occurred in the corresponding HR spectrum.
DISCUSSION
Although impedance measurements of respiration reflect the gas:fluid ratio in the chest, many authors have described excellent linear correlations of impedance with tidal volume at points of zero flow (end-inspiration or end-expiration) (16) (17) (18) (19) . Pulmonary blood flow increases with inspiration and provides the major intrathoracic fluid contribution to impedance while a relatively minor role is played by the intracardiac blood. However, there is minimal variation in pulmonary blood volume in the quiet, resting state (1 8) . Since data collection in study infants occurred in quiet sleep and since data analysis of the respiration envelope selected points of zero flow (end-inspiration), the authors equated the impedance measurement of respiration with change in air volume within the chest. To confirm this decision, impedance and integrated pneumotach measurements of tidal volume were compared in a single infant. Analysis of simultaneously collected data revealed a good correlation between the two, substantiating the decision to use the impedance signal of respiration as a reflection of tidal volume in these infants.
In this study in full term neonates the HRV activity could be divided into approximately three spectral regions or frequency bands; a VLF region (<0.02 Hz); a LF region (0.02-0.20 Hz); and a HF region (>0.20 Hz). The relative power in these frequency bands is tabulated for each infant in Table 1 and represents the type of HRV behavior expected during quiet sleep, but with the caveat that the behavior within any given time period may vary, depending on the specific current conditions. These data do not necessarily represent expected normal values but rather should be interpreted as values which are representative for neonates. Although there is notable variability, it is seen that approximately one-third of the HRV power is contained at frequencies below 0.02 Hz while nearly two-thirds appear in the frequency band from 0.02-0.2 Hz. Of significant interest is the result that very little HRV power occurs at frequencies above 0.2 Hz, so that there was consistently only a small degree of respiratory sinus arrhythmia.
It must be emphasized that the boundaries of these regions are precise but are based on an overall assessment of common frequency components and relative power levels. As additional knowledge is developed on specific physiological mechanisms contributing to HRV, the various regions of activity will undoubtedly become more clearly defined. For example, in our data the HF activity, although of a low level, was invariably associated with the respiratory rate. RSA is a recognized phenomenon in healthy adults, and it is known that it decreases in magnitude as the breathing frequency increases (22). Porges (9) has suggested that RSA can be employed as a measure of vagal tone in the neurological study of infants. Kitney (1 1) frequently observed a significant RSA in 6-wk-old infants, and the HRV of those infants was often dominated by a large RSA occurring in the neighborhood of 0.5-0.6 Hz. In our study of neonates less than 75 h old, while RSA could be identified often, it was not a large component of HRV in this early neonatal period. The largest RSA contribution measured in any of our infants was only one-fourth the amplitude (i.e. '/16 the power) of the largest low frequency component present. Our data are consistent with the findings of Haddad et al. (1 2 ) in a dog model. Although BA variations were not reported, these authors found that RRinterval power spectra in puppies showed dominant oscillations to be at low frequency and there was little RSA, whereas adult dogs displayed a significant RSA but low power at low frequencies.
On the other hand, periodic variations in the BA of our infants often correlated with dominant peaks in the LF region of the HRV spectra, suggesting that the major interaction of HR and respiration at these ages may be through a BASA, rather than a respiratory sinus arrhythmia. Nugent and Finley (10) have shown that the frequency of periodic breathing, an extreme form of breath amplitude modulation, can be detected in HRV spectra of infants and that the associated frequencies fall into the LF region. Hathorn (21) has reported fluctuations at 0.04 and 0.10 Hz in the tidal volume and respiratory rate of neonates. Waggener et al. (22) monitored respiration in full term and preterm infants and calculated tidal volume, breath duration, and ventilation on a breath-by-breath basis. Two types of breathing patterns were reported: type I-patterns of 18-36 s duration (0.056-0.028 Hz) associated with rhythmic changes in breath amplitude; and type 11-patterns of 44-87 s duration (0.023-0.01 1 Hz) associated with rhythmic changes in breath duration. These investigators postulated that type I patterns represent a control phenomenon mediated by peripheral chemoreceptors while type I1 patterns represent respiratory control mediated by medullary chemoreceptors. Although we did not study variations in breath duration in our infants, we found that BA modulations tended to have their lowest prominent component in the LF range from 0.05-0.08 Hz, a frequency band consistent with peripheral control mechanisms. In addition, our neonates frequently displayed strong VLF peaks in their HRV spectra, a frequency band compatible with chemoregulation through medullary receptors. Fig. 4 . Simultaneous HR and BA curves with power spectra from infant B, Table 1 . The HR waveform for a 5 1.25 interval in infant B (age 39 h) is shown in a, and its spectrum is given in b. There is a strong component of HRV at 0.08 Hz. The BA during this time is shown in c, and its power spectrum is presented in d. There is only relatively small power at 0.08 Hz in the BA, and stronger components occur at higher frequencies.
However, the corresponding higher frequencies in the HR spectrum (6) are attenuated in comparison to the 0.08 Hz component. This may imply that the HR control mechanism acts as a low pass filter to suppress HRV at higher frequencies. The present study demonstrates the existence of a strong BA and HR curves when viewed in the spectral domain, the relationship between HR and repiration in the first 3 days of life, relationship between them could often best be viewed in the time not on a breath-by-breath basis, but rather with changes in the records and CCFs. These records indicate the existence of three BA. When the points of peak inspiration of individual breaths types of interactions. First, there were numerous records which were formed into a time series, there often existed a strong showed stable oscillations at a discrete frequency and for a correlation between this curve and the HR curve. While common lengthy time in both the HR and BA signals, as illustrated by frequencies were evident in the lower frequency region of these Figures 3 a-b, 3 e 4 Second, records were observed in which both Table 1 . The HR (a), BA (b) and their CCF (c) for the infant whose data were presented in Figure 3 . The HR and BA curves have been low pass filtered at 0.25 Hz to remove higher frequency variations. It is seen that the changes in BA follow those in HR by approximately 4 s.
HR and BA oscillated together and at the same frequency, but for which this frequency tended to change slowly with time. Figures 4 and 5 are examples of this type of quasistable oscillation. Finally, there were curves for which neither HR nor BA tended to oscillate at clearly identifiable frequencies. These can be termed transitional in nature, since each infant exhibited behavior of a stable or quasistable nature during much of the recording.
Thus, the data from the newborn infants in this study indicate that a component of HRV is associated with BA variability and that HRV is not strongly influenced by the respiratory sinus arrhythmia seen in adults and older infants. One hypothesis for this behavior is that the HR control system in term neonates has a frequency range of greatest sensitivity in the neighborhood of 0.06-0.08 Hz within which respiratory effects, such as tidal volume modulation, breath duration or direct RSA, affect HR variability. Outside this range there is diminishing interaction as the frequency increases.
BASA may occur by two different physiological pathways which are consistent with our data and with other reported r~:sults: (i) direct action of the breath amplitude upon the heart rate (cause-effect relationship); (ii) simultaneous and similar control of heart rate and respiration by a higher order mechanism (associative relationship).
Since RSA in adults is established as a cause-effect relationship in that respiration may be viewed as a stimulus which produces an RSA component in the HR, it is possible to interpret the phenomenon of BASA in neonates in a similar fashion, i.e. to view variations in BA as a stimulus or input to HR control which produces an output that contains HR oscillations at corresponding frequencies. For example, the delay in the baroreceptor loop in response to a stimulus arises from neural conduction time and the response time of effector organs. It has been shown that this delay leads to a self-oscillation in the blood pressure control system at a frequency of -0.1 Hz in healthy adults (7, 8) , and this oscillation is also seen in the heart rate. If a stimulus (e.g. respiration) occurs at a frequency near this baroreceptor frequency, the 0.1 Hz oscillation will be entrained at the respiration rate and HRV tends to be enhanced. If the stimulus is applied at a frequency which is high relative to the self-oscillation frequency, however, the control feedback has insufficient time to be sensed before the stimulus has changed and, consequently, entrainment does not occur. This is analogous to resonance in a mechanical or electrical system. The system thus acts as a filter upon the applied stimulus such that the further removed from the "natural" frequency, the less the effect from a given stimulus amplitude (7, 17) . In neonates the respiratory rate is so high (the average respiration rate in this study was 48 breathslmin) that significant RSA may not occur due to the low pass filtering effect of the HR control system. However, stimuli at lower frequencies, such as BA and breath duration oscillations, may produce corresponding HR oscillations. This low pass filtering effect probably arises from immaturity of the parasympathetic nervous system and the dominance of the sympathetic nervous system in neonates (14) . Thus, two factors could lead to enhanced RSA with increasing postnatal age: (i) continued maturation of the parasympathetic nervous system and (ii) decreasing respiratory rate.
An alternative possibility is that the BASA represents simply an associative relationship between breathing and HR in that each is being regulated simultaneously and in a similar fashion by a higher control center. For example, the data of Waggener et al. (22) support the concept that tidal volume is mediated by peripheral chemoreceptors in a frequency range from 0.028-0.56 Hz. Peripheral chemoregulation at these frequencies may also be responsible for HRV through the sympathetic nervous system without employing respiration as an intermediate (stimulus) pathway.
In summary, the present studies have demonstrated that: (i) HRV spectra in neonates can be divided into VLF, LF and H F regions of activity; (ii) newborn infants usually exhibit a strong VLF component of HRV; (iii) RSA, which exists in the H F region, is not a major factor in HRV in term infants during the first few days of life; (iv) HR and respiration in these infants are related through a BASA which occurs in the LF region of the spectrum.
These term newborn infants demonstrate little effect of the respiratory rate on HRV. By 6 wk of age, the spectra have changed and RSA is present and more significant. This suggests a developmental/evolving process of determinants of HRV. BA modulation influences HRV in the early neonatal period and is eventually replaced by "adult type" respiratory rate modulation. BA modulation of HR may arise either as a response of the HR control system to breath amplitude stimuli or as an association with similar but independent control of HR and respiration by a higher control mechanism.
Our data are consistent with the hypothesis that the newborn infant has an immature parasympathetic nervous system and an active, dominant sympathetic nervous system. We hypothesize that the strong activity in the VLF of HRV region in the term newborn is a consequence of autonomic mediation of chemoregulation, probably through medullary control. As the autonomic nervous system matures, the determinants of HRV change and the spectrum shifts to reflect this.
Thus, HRV analysis may provide a noninvasive means to study the sequential maturation of a central control mechanism during transition from periodic to controlled breathing patterns. Periodic breathing and apnea of prematurity can be considered to be extreme forms of BA modulation and may be normal variants of premature infant behavior. Conversely, sudden infant death syndrome may be the result of a failure in maturation of the relationship between HR and respiration and may be reflected in the spectra of HRV ( 1 1, 14) . Further study of HRV in premature newborns and other infants should help us to address these speculations.
However, it cannot be overemphasized that variability in spectral content is a formidable problem to be solved before clinical utility of HRV analysis is achieved. A major impression to be gleaned from these studies as that the "normal" state of cardiorespiratory control is indeed dynamic. Not only can the distribution of HRV power vary among individuals and, within an individual, among various sleep states, but it can vary in a given individual while in a given sleep state. For example, a 250-s window passed through a long data record taken in quiet sleep in a particular infant might yield quite different values of the power distribution in VLF, LF, and H F bands. This observation is entirely consistent with the data of Waggener et al. (22) . Therefore, great caution should be employed before accepting any particular quantitative measure of HRV as a reliable indicator of either normal or pathological conditions. Indeed, further research and improved basic understanding are mandatory before reliable clinical applications are forthcoming. Before any digitization was performed, the analog ECG and respiration signals were played back on the RACAL instrument and recorded on a strip chart recorder for visual inspection of data quality. Sections of data with signal saturation, notable noise, or movement artifact were noted, along with the corresponding FM tape footage, and these sections were eliminated from further consideration. Digitalization of the remaining recorded signals was performed on a Cromemco microcomputer. The ECG signal was low pass filtered at 300 Hz with a Krohnhite Model 3343 filter at 48 db/octave and then sampled by the microcomputer each 30 ps at 12-bit accuracy. These sampled ECG values are not stored, however. Rather, an algorithm detects the local maximum value of the sampled signal, subject to the requirement that this value exceed a prescribed threshold value which is preselected after the initial review of each data record. The time of occurrence of each local maximum is determined from the internal computer clock, and this clock value is noted within the microcomputer. The process is then repeated. The next peak is detected, and the computer calculates the length of time between the occurrence of successive local maxima in the ECG signal. It is this value which is stored, and it represents the time between successive R-waves, provided the peak detector has correctly identified the peak of the QRS complex. In most of the records analyzed, false detection-such as identifying a movement artifact as an R-wave-or missing the detection of an Rwave is not a problem due to the initial screening of data records for acceptable quality. However, there is no danger of either false detection or failure to detect a beat occurring unnoticed. An undetected R-wave will give rise to a sudden decrease in the heart rate curve; i.c. if one R-wave is missed, the HR drops to one-half the value of its neighboring points and this is obvious in the HR record. The procedure is then simply an a d hoc intervention by the analyst to correct an isolated missing Rwave; that is, the HR at the artifact point is reset to the average of its two adjacent values, and the time axis is shifted accordingly. If a segment of data contains several missing R-waves, the threshold level is reset to a lower value and the data are again digitized. Usually, this solves the problem. If not, that portion of the data record is discarded.
Similarly, a peak detection which does not correspond to an R-wave is easily recognized as a sudden increase in HR. Again, for an isolated false peak this is similarly corrected. If a data record contains several successive false peaks, such as might occur with movement artifact or stretches of noisy data, that segment is eliminated from analysis. In practice there is no problem with mistakenly processing spurious peaks or missing R-waves. The data are examined at several stages during processing, and it is easy to identify these difficulties and correct or avoid them.
What about the case where an infant might actually have an isolated arrhythmia or might skip a heartbeat? These would show up as a sudden increase or decrease in HR, respectively. If this is an isolated event, the HR value in question is set equal to the average of the adjacent HR value; i.e. the atypical nature of the beat is ignored. If several successive beats or arrhythmia occur often, those data are not analyzed.
The values for time between R-waves are stored in the microcomputer and transmitted to the CYBER mainframe computer at the Georgia Institute of Technology for further processing. The reciprocal of the R-R interval gives the "instantaneous" HR. This results in a digital time series representation for HR but, due to variations in the rate, the time between successive HR values is not a constant. In order to use the convenience of methods applicable to equally spaced time series, the HR was linearly interpolated to equal time intervals. Womack (Al) has reported satisfactory results using this technique. Higher degree polynomial interpolations, up to fifth order, were also examined in our study, and no improvement over linear interpolation was observed. Since the HR is inherently a discretely sampled variable, the maximum frequency it is possible to measure is one-half the mean HR due to the Nyquist sampling limitation. For example, if the mean HR is 2 Hz (cycles/s) the maximum meaningful frequency in the HR power spectrum is 1 Hz. The mean HR is neonates usually falls between 2 and 3 Hz.
The question of trend detection in the data is much more subtle and much more subject to arbitrariness in setting quantitative criteria. For example, how can a trend in the data be distinguished from an oscillation frequency which is so low that only a fraction of a cycle occurs within a data record? Our procedure for selecting data records with negligible trend was accomplished in two stages. First, it was often possible to use visual inspection to discard records in which an obvious trend existed. For records which passed this criterion a second requirement was imposed, utilizing the fast Fourier transform-calculated power spectrum. When calculating the power spectrum of a record, the mean value was first removed (the mean value being defined as the time average over the record). In principle, if the data were stationary and infinitely long in duration, the dc or zero frequency value of the power spectrum would then be zero. In practice, however, various factors can contribute to a nonzero value of dc power-and one important cause is a trend in the data. Therefore, if the dc power level in the fast Fourier transform spectrum of a record exceeded 25% of the largest value of power in the spectrum, that data record was not used to compute power in the VLF band.
In addition to screening the HR records employed in the study, criteria for selecting respiration records excluded data segments which contained sighs, pauses, apnea, or movement artifact. Of course, the corresponding ECG records were also discarded. However, there was no requirement that the breathing frequency be constant for an entire data record. In fact, such records were indeed rare, although respiration records for which the breathing frequency varied by no more than f 20% were common.
The respiration signal was digitized directly at 10 samples/s with 8-bit accuracy. Because this was an uncalibrated signal with regard to amplitude, the units of measure are arbitrary. The resulting digital HR and respiration data were recorded on a floppy disk and then transmitted to the CYBER mainframe computer at the Georgia Tech Computer Center. Further data processing was performed with the CYBER.
Two different methods of spectral analysis were employed. Because of the dynamic nature of cardiorespiratory control, the HR and respiration records are often nonstationary in nature. To demand extremely long records of stationary measurement would require eliminating large quantities of data. Also, the nonstationary behavior is frequently of interest in understanding control dynamics. Therefore, the data were treated from either of two viewpoints: (i) time or frequency domain similarities between HR and respiratory patterns and (ii) HR power distribution among various frequency bands under reasonably stationary conditions. In addressing viewpoint (i) we employed an autoregressive spectral estimator (A2, A3) and accepted data records as short as 5 1.2 s, depending on the desired LF resolution. On the other hand, in searching for VLF oscillations, data records as long as 1000 s were examined. Autoregressive methods provide better identification of discrete frequency oscillations for relatively short data records than do Fourier methods. Additional details of the use of autoregressive techniques in heart rate analysis are discussed in References A4, and A5. In addressing viewpoint (ii) we employed Fourier methods of spectral estimation. This was done because autoregressive estimators were designed to perform better as frequency rather than amplitude estimators. Therefore, when reporting the percent power in various frequency bands, data records of 250-s duration were selected which were free of significant trends according to the criteria previously described, and fast Fourier transform methods were employed to compute spectra.
No windows were convolved with the time series data for the following reasons.
I. Application of windows modifies the data, and the specific modification is dependent upon the window selected (A-6).
2. For situations in which the data were examined for oscillations of discrete frequency, a maximum entropy autoregressive method was employed. This method assumes no a priori knowledge of the data behavior outside the observation window, in contrast to Fourier methods, and it is therefore inappropriate to employ windows to reduce edge effects.
3. For situations where the percent power within various frequency bands was estimated (e.g. Table 1 of the text) the records selected were free of significant trends and of significant discontinuities at the edges. Under these conditions no major effects will result from unwindowed data, although major variations in power distribution will occur depending on the nature of the particular window used.
